T.H. Morgan and E. P. Lyon
The general method used was to centrifuge the eggs, under various conditions~ into capillary tubes filled sometimes with gum solution but usually with sea water. ' The preparation of such tubes is explained by LYox in a former paper ~). After being centrifuged the tubes could be examined under the microscope, and the position of the eggs with reference to the direction of the centrifugal force could be noted.
I. Normal unfertilized eggs gently centrifuged into the capillary tube fall in all possible positions as determined by the eccentricity of the nucleus. As the position of the nucleus of the sea urchin's egg does not stand in any constant relation to the egg axis in other cases that have been examined, this experiment proves nothing as to the orientation of the axis, but it does show that the eccentricity of the nucleus and the consequent, probable eccentricity of the center of gravity is not sufficient to orient the eggs.
II. Eggs which had been very strongly centrifuged in the regular tubes, so that they are separated into definite layers, were stirred up thoroughly and then centrifuged into capillary tubes. Many of them did not fall in the same way as before. This shows that in spite of the separation of materials and displacement of the center of gravity toward the pigment layer, the force-couple acting at the centers of gravity and buoyancy is not sufficient to orient the eggs. If insufficient after the center of gravity is displaced, it does not seem possible that this couple should produce orientation in the normal egg where the centers of action of the forces are closer to each other, and therefore the moment of the couple less.
III. If normal eggs in the two celled stages are centrifuged it is found that they fall in all sorts of ways with reference to the cleavage furrow. If there was an original density polarity able to orient the eggs and determine the plane of cleavage, it is hard to see why it should not endure after the first division. Two celled stages from the centrifuged eggs also often fall in any position~ although the center of gravity must be somewhat lowered and the. orientation couple consequently more efficient.
IV. Since all these experiments succeed in water, it is evident that in gum solution on account of the great viscosity there would be even less tendency to orientation.
V. The falling of the eggs with the egg axis turned in a definite 1i L~o~, Amer. Journal of Physiology. 1905. direction could only be accomplished, as has been said, by a force couple acting at the centers of buoyancy and of gravity respectively. These centers must be very close together in a spherical body of such nearly uniform density as the Arbacia egg. The forces themselves must be very small, especially in a medium of the same density as the eggs. The friction of the gum solution must be large. All of these considerations, as well as the experiments cited, make it evident that the position of the eggs during eentrifugalization is accidental.
The Cleavage of the Centrifuged Eggs.
The general sequence of the cleavage planes has been already described by LYon. The first cleavage plane is at right angles to the plane of stratification, Figs. 1, 2. The second cleavage is at right angles to the last, between the two middle zones, Fig. 3 . The third cleavage is at right angles to the two preceding, Fig. 4 , and, like the first, is at right angles to the stratification. At the fourth cleavage the micromeres al~ often produced~ and since in the normal egg these show where the gastrula-pole lies, their location in the centrifuged eggs was examined with some care. As a rule 1) they seem to be given off from the four cells that contain the most pigment, i. e, from that part of the egg that is turned outwards on the centrifuge, Figs. 5, 6. For convenience we may call this the lower or outer pole and the opposite pole the upper. When the micromeres appear the four cells of the opposite hemisphere divide equally. Thus at the end of this differential cleavage the blastomeres have the same relative sizes and location as in the normal egg. Occasionally however the micromeres may be given off at other regions of the egg. In a few cases they were seen at the unpigmented, upper pole, and in other cases they appear at one side of the egg relative to these poles, Fig. 7 .
In the normal egg" the region, at which the micromeres appears becomes fl'ee from the red pigment so that the micromeres become lighter than the rest of the egg. The same thing occurs in the centrifuged eggs, where the result is all the more striking owing to the dense accumulation of the pigment at the lower pole. If the micro-1) The greater certainty with which the mieromeres can be identified when they lie in the middle of the red pigment region may be responsible for their more frequent identification in this place. meres are larger than in the normal egg, as sometimes occurs, only their central ends are free from pigment.
When the eggs are removed from the machine the pigment is largely confined to the region aroundthe lower pole, Fig. 1 . Before the first cleavage takes place, and after that event, and before the second cleavage appears the pigment spreads somewhat towards the opposite hemisphere. Its further migration is partially stopped by the formation of the second cleavage wall, except within the lower four cells, but even allowing for a certain further migration in these ceils the pigment remains greatly in excess over that part of the egg" that corresponds to its earlier location in the lower hemisphere.
Some further details regarding the cleavage are not without interest. Sometimes the first cleavage plane as it passes through the egg does not divide the pigment-zone equally, but turns to one side. Sometimes the blastomeres are slightly unequal. At other times the first furrow may start to one side of the upper cap, Fig. 8 ; so that all of its material is contained in one of the blastomeres; and in such cases the pigment is more largely confined to one cell than to the other. In rare cases the first plane of cleavage lies near the equator of the egg between the two middle zones, Fig. 9 . When this occurs the second cleavage is symmetrical and at right angles to the first. In other words the first and the second cleavage planes appear to have changed places. The third cleavage is at right angles to the two last. The location of the micromeres in this type has not been determined.
Comparison with the Normal Cleavage.
It may be questioned whether a comparison of this sort has any real value but inasmuch as the blastomeres of the centrifuged eggs after the fourth cleavage often have the same arrangement as have the normal blastomeres at the same stage it may be worth while to call attention to certain resemblances and differences in the sequence of the cleavages.
In the ordinary type of cleavage of the centrifuged eggs the first plane of cleavage divides the egg symmetrically, and passes through the later micromere pole. In both respects it is comparable to the normal first cleavage. The second cleavage on the contrary divides the egg" unsymmetrically separating" the two upper zones from the two lower. It corresponds in position with the third normal cleavage. The same reasoning shows that the third cleavage in the centrifuged eggs corresponds to the second normal. Thus the second and the third planes appear to have changed places. This comparison is of interest in the light of DRIESCIt'S recent conclusion that the second plane of normal cleavage corresponds to the middle plane of the body of the embryo; the normal, first cleavage separating the materials of the anterior part of the hQdy from those of the posterior parts.
If we are justified in .extending the conclusions from the study of the normal type to the centrifuged eggs it would follow that the third plane and not the second must correspond to the middle plane of the body. This possibility will be discussed later in connection with the location of o the embryo on the centrifuged eggs.
Internal Changes During Cleavage.
It is of paramount importance to determine how far a redistribution of the contents of the eg~ takes place after the egg is removed from the machine, and before and during the cleavage period. A large number of sections have been prepared and studied but a few examples will suffice to show what takes place.
The eg'g's were killed in piero-acetic solution, stained on the slide in weak DELAFIELD~S haematoxylin, followed by pieric acid, or better by orange G. The clear middle zone of the living egg stains blue, while the more opaque substance of the lower hemisphere is stained yellow Fig. 14 .
Sections of eggs killed as soon as taken from the machine show three distinct zones --the red pigment having" disappeared. At the top of the egg', Fig. 14, there is a clear unstainable segment almost vacuolar in appearance. Its interior contains a network or precipitate that so closely resembles the nuclear sap as to invite direct comparison. It will be recalled that the large germinal vesicle of the immature egg has set free its contents and the polar bodies have been formed before the eggs were centrifuged, but whether there is any connection between the material set fi'ee from the germinal vesicle and that of the cap is problematical. The nucleus lies just beneath the upper cap and is flattened against, or often projects into the lower wall of the cap. The rest of the upper hemisphere is filled with a deeply stained substance that is highly granular. The material of the lower zone is quite different in appearance, being made up of larger spheres that take ~he stainless well, and which in thoroughly extracted sections is dear. ~This zone stains yellow in pierie acid or in orange G. It appears to be made up of the deutoplasmie spheres that lie scattered throughout the cytoplasm of the normal egg.
WILSON'S study 1) of the composition of the living and preserved eggs of this and of other sea-urchins makes it possible to identify some of the substances of the centrifuged eggs. In the normal egg spherical bodies, the alveolar spheres are scattered through the eyto= plasm of which they form a part. They correspond to yolk spheres in other forms. Each is surrounded by a matrix, the hyaloplasm, in which granules are present, both in the living" and in the preserved egg. Some of the granules are mierosomes, others contain pigment, etc. The centrifugM three drives the heavier alveolar spheres into the outer hemisphere. The pigment granules are also driven towards in the same pole, and since there are fewer of these than of the alveolar granules they come to occupy a smaller region at the outer, or lower pole. They lie in large part on the surface as they do in the normal egg. The upper middle zone contains the matrix in which the alveolar spheres were imbedded. This is very granular in sections, but the granulation may be entirely or in part an artificial coagulation product. It seems to be made up of the material that is most active in development.
It will be recalled that the eggs are fertilized as soon as removed from the machine, and that the first cleavag'e takes place about half an hour or more later. During this interval the stratification of the materials, as seen from the surface, seems to persist. Sections confirm this observation.
The first cleavage spindle lies in the lower part of the upper middle zone. At this time the line of separation of the two middle zones is less distinct than at first. The second spindles stand at right angles to the last, i. e., ,>vertically,, with the lower end often deeply imbedded in the lower middle zone. It is surprising to find how little of the upper middle zone often accompanies the lower end of the spindle. The spindle looks at times as though it were thrust down into the colorless layer below. The astral rays are well developed around the upper end of the spindle, but little, if at all, around its lower end. At this time some of the material of the lower middle zone extends upwards around the sides of the egg, Fig. 15 second cleavage when completed prevents the further mixing of the two middle zones, Fig. 16~ and since only a partial mixing has taken place the upper parts of the egg from this time onwards contain a great deal of the deeply staining hyaloplasm, while the lower part is much less stained with the haematoxylin. Throughout the later cleavage stages the difference in the staining capacity of the different regions of the eggs remains quite distinct.
A section through an eight cell-stage is shown in Fig. 17~ and of a later stage in Fig. 18 . A much later segmentation stage is shown in Fig. 19 , where the difference in staining of the halves of the egg is still apparent. In the clearer half the nuclei appear surrounded by the unstained deutoplasm, but, of course, it is not to be supposed that this region is entirely free from hyaloplasm, but rather that its small amount gives a less intense stain to this part.
Three sections through three gastrulae are shown in Figs. 20, 21~ 22. In the first the deeply stained area is at the apex; in the second it is at one side and over the anterior end, and in the third it is at the side and posterior end with reference to the gastrula pole. If this difference in staining shown by the gastrulae corresponds to the same differences found in the segmentation stages, as seems to be the case, it will be apparent that the hyaloplasmic and deutoplasmic regions may form any part of the embryo. It is tobe noted, however~ that the last type is the more common one~ while the other two are rarer.
The Location of the Embryo.
The position of the primary axis of the embryo in relation to the stratification of the materials induced by the centrifugal force, can be approximately located by the presence of the red pigment. No absolutely constant relation between the two is found, although it appears that in the majority of cases the pigment lies at one side of the gastrula pole as shown in Figs. 10, 11, 12 . Most of the embryos show that a certain amount of pigment is turned into the arehenteron, --often only on one side. The remainder of the pigment lies on the posterior (i. e., the gastrula) surface at one side, but since the embryos are radially symmetrically at this time it is not possible to tell whether the pigment lies on the right or left side, or on the anterior or posterior face. lqot infrequently the pigment extends as far forward as the anterior end of the gastrula, Fig. 12 . In exceptional cases the pigment is found only over the anterior end of the gastrula, Fig. 12 a, and in such cases it is entirely absent from the arehenteron.
Isolation experiments are necessary to determine the relation between the pigment in the two and four cell stages and in the gastrala. Although a considerable number of eggs were studied in this way, only a small number gave definite results, because many died, or pinched in two, or were lost.
In twenty cases, in which the first cleavage divided the pigment region equally, or nearly so, the pigment was found in the gastrula at one side of the posterior end, and extended into the archenteron in thirteen cases. In six cases it lay at one side, but did not extend into the arehenteron, or at least not to any appreciable extent. In one case the pigment was over the anterior end.
In two cases, when the first cleavage passed unsymmetrically across the pigmented field, the pigment of the gastrula lay to one side in one gastrula and at the anterior end in the other.
In nine eggs in which the cleavage was horizontal, i. e., between the two inner middle zones, no embryo was produced in six cases, while in three others the unpigmented part pinched off later from the pigmented, and formed a swimming blastula. Several other cases of this kind of cleavage were isolated, but since they all died no record of their number was kept. Whether the large number of deaths was in some way connected with this type of cleavage, or whether the results were purely accidental can not be stated.
When the pluteus develops the relation of the pigment to the axis of bilaterality can be determined. In the majority of cases the pigment lies near to one side of the anus (which is the original blas~opore). It does not, however: lie symmetrically around the anus, but, as stated more to one side. The pigment area extends forward towards the month opening and is often present on one of the shorter arms when these structures appear. In other cases the pigment may be found in any region of the pluteus, even over the anterior end.
What is the significance of these results? Is the location of the embryonic axes something' quite independent of the stratification, or does it stand in relation to one of the planes of cleavage? It is difficult to answer these questions definitely as the following considerations will show.
BOVERI discovered that the pole of the normal egg at which the micromeres develop is the gastrula pole. DRIESCH has more recently shown that the second, and not the first plane of cleavage, corre-sponds to the median plane of the body of the sea-urchin. We have seen that in the centrifuged eggs the sequence of the cleavages is different from that of the normal egg, and it was suggested that the second and third planes may be supposed to have become interchanged at least with reference to the micromeres. The third and the first cleavage planes cross at the micromere pole, and both are equation divisions in the sense that they divide the pigment material equally. If either corresponded to the median plane of the embryo, it is difficult to see how the pigment would lie unsymmetrically in the pluteus. If the position of the micromeres does not indicate in the centrifuged eggs the location of the gastrula pole, then the following suggestion may be worth consideration: --
The rather constant location of the gastrula pole to one side of the pigmented pole suggests that in these centrifuged eggs the median plane is formed by the second plane of cleavage as in the normal egg. This conclusion leads, however, logically to the view that the micromeres, from which in the normal egg the mesenchyme arises, deveIop, as a rule, from a different part of the centrifuged egg from that which forms the gastrula pole; in other words that these two regions which coincide in the normal egg have become separated in the centrifuged egg.
LILLIE 1) has recently applied the centrifugal force to the egg of Chaetopterus and has obtained also a stratification of the materials.
:Nevertheless, he thinks, that the axes of the embryo do not follow the new stratification, but coincide with the original axes of the egg. It would seem to follow either that the separated substances of the egg are not formative materials, or that they return to the normal arrangement before cleavage, but LILLIE'S figures show that the latter change does not take place. In the sea-urchin's egg it is not possible to determine whether or not the bilateral axis of the centrifuged eggs correspond with the normal axes before centrifuging, if such axes really exist. To judge from the results obtained from isolated blastomeres there is no a priori necessity for assuming that bilaterality of the embryo is predetermined before fertilization. On the contrary we should be warranted at most in assuming that the conditions are such in the egg that the axis is formed during the cleavage; the point of entrance of the sperm being perhaps an external factor that enters into the result. The same conclusion might ~) The Journal of Experimental Zoology. llI. 1906. be extended to the centrifuged egg~ namely that the primary axis and the plane of bilaterality are not necessarily determined either by the original arrangement of the parts, or by the induced stratification, but by events subsequent to both conditions, and the results might be interpreted to mean that the plane of bilateral symmetry is determined by the cleavage or by the relation of the cells to each other after cleavage. In so far as the cleavage is influenced by the induced stratification the bilaterality, may be also affeeted, if not necessarily determined, so that in the majority of cases the embryonic axes bear a more or less constant relation to the cleavage planes.
Does the Centrifuge Separate Organ Forming Substances?
This question, at least, can be answered for the sea-urchin with much probability. Since there is no necessary relation between the location of the pigment field and the location of the organs of the embryo, there can be no connection between the pigment and the kind of organ that develops. It is not an ~,organ-tbrming substances. Sections of the eggs in the two and four cells stages show that the two middle layers of the egg become only partially mixed before the second cleavage, and that throughout the later cleavages there are still two distinct regions of the egg one containing more hyaloplasm and the other more deatoplasm. These two regions may lie in any part of the gastrula, which shows that they too are not organforming substances. The white field at the top of the egg also gives no evidence that it is an organ-forming region. It follows that the substances of the egg that are separated by the centrifuge have no importance as organ-forming regions or materials1). What is more surprising is, that, even if these materials are not organ-forming materials, the relative amount of these substances in different regions does not determine the fate of these parts is relation to other parts. In other words the development is independent of these gross materials that are separated by the centrifuge. These conclusions are all the more striking when the influence of the stratification of the materials is found to produce such a definite and profound effect on the location of the cleavage planes, and through them on the location of the embryo.
~) This statement is not intended to apply to all eggs in some of which the substances may be determinative but it applies only to those substances in the sea-urchin egg that are separated by the centrifuge.
Summary.
I. When the eggs of the sea-urchin, Arbacia, are rotated at a high speed, a rearrangement of some of the constitutients of the egg takes place in accordance with their specific gravity. Four distinct zones may be clearly recognized. Fig. 1 .
IL Experiments show that the eggs do not oriente themselves in the centrifuge but fall in any position in which they happen to lie when the rotation begins. The resulting stratification bears therefore no relation to the primary egg axis.
III. When the eggs are fertilized segmentation takes place as shown in Figs. 2--6. The position of the cleavage planes is determined by the stratification, but at the end of the fourth cleavage, Fig. 5 , the same kinds of cells are present as in the normal egg. In the majority of cases the mieromeres appear to be formed at the outer or more pigmented pole, but occasionally they appear in other parts of the egg'.
IV. Sections of the egg show that the materials of the egg do not become rearranged to any extent before the cleavage begins. The small amount of mixing that takes place does not alter to any great extent the induced arrangement of the materials. During the later cleavages, Figs. 7--9, the same differences found after rotation are present.
V. Gastrulation may take place at any point of the egg, although the arehenteron appears more often to be invaginated to one side of the pigmented pole. In the pluteus tt~e pigment is found in most eggs to lie between the mouth and anus, not in the middle line, but to one side. In some cases, however, the pigment may be found over other parts of the egg.
VI. The results show that while the cleavage conforms strictly to the induced stratification, the gastrulation does not conform to the symmetrical arrangement of the materials. The exceptional cases show that there is no necessary relation between the stl'atification of the materials as such and the embryonic axes. Therefore the substances separated by the centrifugal force are not organ-forming substances, although the relation of the cells to each other which is determined by the cleavage that follows the distribution of these materials may be an important factor in determining the location of the embryonic axes.
VII. If the second plane of cleavage generally gives the median plane of the embryo, as in the normal egg, the more common location of the embryo in relation to the pigment can be accounted for. This conclusion, combined with the one given in the preceding paragraph, viz., that the separated substances are not, as such, organforming substances, indicates that the plane of bilaterality is determined by the cleavage or by the subsequent relation of the cells to each other and not by the materials that they contain. The factor that determines the median plane of the embryo is therefore dynamic and not material. From this point of view the location of materials in the egg may have an influence on organ formation, not because the materials are the essential primoidia of organs~ but only in so far as they determine the entrance of the spermatozoon, or the position of the cleavage planes, or the relation of the cells to each other after cleavage.
Zusamrnenfassung,
I. Wenn die Seeigeleier (Arbaeia) mit hoher Geschwindigkeit rotier~ werden, so greift eine Neuordnung der Eibestandteile nach ~Ial3gabe ihres spezifischen Gewiehtes start. Man kann deutlich vier versehiedene Zonen erkennen (Fig. 1) .
II. Versuche zeigen, dab sich die Eier in der Centrifuge nicht selbst orientieren, sondern in jeder Stellung vorkommen, in welcher sic gerade zuf~llig bei Beginn tier Rotation liegen. Die sich ergebende Schiehtung enthElt daher keinerlei Beziehung zur prim~ren Eiachse.
III." Sind die Eier befruchtet, so finder die Furchung start wie in Fig. 2 --6. Die Stelhmg der Furchungsebenen wird dutch die Schiehtnng bestimmt, aber am Ende der vierten Furchenbildung sind dieselben Zellarten vorhanden wie im normalen El. In der Mehrzahl tier F~ille scheinen sich die Micromeren am ~uI3eren oder st'~rker pigmentierten Pol zu bilden, gelegentlich erscheinen sic aber auch in andern Teilen des Eies.
IV. Schnitte durch das Ei zeigen, dab die Eimaterialien nicht in irgend erheblicher Ausdehnung wieder umgeordnet werden, bevor die Furchung beginnt. Der geringe Betrag yon Durchmischung, der stattfindet, veriindert in keiner irgend erheblichen Ausdehnung die (durch den Versuch) bewirkte Anordnung des Materials. W~hrend der letzten Furchen (Fig. 7--9 
